
Lh�zK�

9

D

0 IWCDONP.JELL 00 U� LAS A ST1�0NA U7ICS CG&IF'A N V
0 

-�

� /e

oI- IWCDONP.JELL
� 00(JGLA�S���

K.



EFFECTS OF MATERIAL BEHAVIOR ON THE
RESPONSE OF RAPIDLY HEATED STRUCTURES

r..DOf~EI71•iThis docmj bhas beenDOUGLASC)'-' QpprOVed
OOP@ATIOI ~public r~'a T-.e Salo iis

distrfbution i. u-l:jiljted.

December 1979 N00014-75-0646

Prepared by QT1•
S. F. Stone MAR 17 113

Approved 
by

Director Structures & Materials
Engineeri g Division

ý% • ,• oct.uannt Ivi ;*.'n 7 ,.;ovod
ict puldic rok' ,.' wv k, ,ý3

MCDOONNELL DMOUGLAS ASTROPNAUTICS Cf'%APANV- P- N•GLT ON Cwr0PW E^ACH
5301 Balsa Avenue Huntington Beach, Californ, 92647 (714) 896-3311



SECURITY CLASSIFICATION OF THIS PAGE (ft., 0... Eintoee'0________________

REPORT DOCUMENTATION PAGE BEFORE COMPLETING FORM

. o UM

LE (and Slubttle

FFECTS OF.L4ATERIAL BEHAVIOR ON THE RESPONSE Technical Aepwrt-
OFRPDLYNAE TUTRS

7. ON~e

S. F.StonS. p~vo ING ERGAIAINNM N DRS C RGA LMN.POET A,

M c~~~~~o n n e l l~~~~~~~~ D on s A t o a t c o p n y /A E O K U I U O

80 N.Qunyt teeo

ARligtn VA 221EO

T .. DEC 432IAINOWGRON

United St ate s 
NGover4rinent.

.1. DItAiUT" MINO GN ST ATEMENT NAME IAN ADDRESSt 10.e* PRORA ElMENT PROE.T TASKlrA~ t@iR

Thsrsac a pnoe yteOffice of Naval Research JnoeW

Cree N.QuARCtre A

Nonlineartorn, Vte Co2es

R~ nestigaction intwolte theopretical pequrmrited for shyrtrtise elevthed
Untedperatues materianpoerty. aat eue nasrcua nlsst

pre DIcTIUINSAEET(t the repnseand failure of struck0 tudffrest subjRectporthecmie)fet

ofi mehanich as and sreb themloasde tfieof rapdvhatin wasuneartaenhA

ass EYWRSsme ontiu onfetheablty ofd Ithne esMar C and ASY finiybybok n itbere)etcmutrcds

Patoiprfimthe reurd analysiswsmd.A vlaino hutblt

ofempisting maehaical maeilproperty data tor be6T ueinasrcraluminumywas toe-

prd ic th 1 es73s EDT an d faiur of NOVctre subjec toT the combined effect

of~ mechaSiCUlIaY CLASIrICTIl oad TdIS PAG rai(ha ig a nd ra en. DoA n ed



,gCUtIITY CLAWSIIlCATIOt OF YMI8 PAGI(Whom Do*loulelu.

S,,?in light of the theoretical requirements. Uniaxýlal simulation experiments
were performed in which lud and temperature were varied as a function of time
in order to simulate the loading and unloading behavior that occurs in
locally heated structures.

Basic uniaxial material property tests were conducted. These data were used
to obtain time independent ("zero" time) temperature dependent elastic-
plastic stress/strain curves and time dependent creep curves.

A one-dimensional direct integration code "CREEPARHS" was written to perform
the required analysis and to check the results from the finite element codes.
Analysis using the newly generated material nroperty data and currently
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results were compared with the data obtained in the simulation experiments.
The existing stress-strain-temperature data was shown to be inappropriate for
the rapid heating analysis because of its inherent built in creep strain.
The use of the new "zero" time stress-strain curves in combination with the
creep data produced excellent correlation with the simulation experiments.
The finite element codes were judged to be capable of performing the required
analysis for a more complex structure.
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Section 1
BACKGROUND AND INTRODUCTION

1.1 BACKGROUND

Many of the initial studies concerning the response of structures subject to

high intensity heating assumed material removal and/or burnthrough to be the

primary structure damage mechanism. In reality, structural failure due to

the reduction of material allowables at elevated temperature and the resultant

stress redistribution are more probable and can result from lower intensity

heating. In more recent investigations, (References 1 and 2) analytical and

experimental studies were conducted to evaluate failure of simple plates and

built-up beams due to high intensity heating. The primary objectives of these

studies were to investigate failure mechanisms and demonstrate the ability of

computer codes to perform rapid heating analysis.

The methodology was applied in the vulnerability assessment of various missiles.

These studies showed that catastrophic structural failure could be produced

by heating the structure to a temperature much lower than that required to cause

melt or burnthrough. Various areas on missiles which are susceptible to such

danwge include the rocket motor case, elevons, wings and guidance sections.

A plan was formulated to perform ground based tests on the various structural

components to determine their vulnerability. In particular, simulation tests

were performed on instrumented pressurized and unpressurized rocket motor cases

using a graphite heater radiation source.

Analysis to predict the response of the rocket motor cases and to assesF the

sensitivity of the predicted response to various heat sources was recently per-

formed (Reference 3). An interest in quantifying the data and modeling

requirements necessary for accurate analysis/experiment correlation played a

key role in formulating the present study. The present investigation addresses

the role and appropriate form of material property data to be used for

structural response and failure prediction due to short time heating.

i1 • • - "



1.2 INTRODUCTION

Prediction of the failure of structures which are subjected to a combination

of 1) mechanical loads and 2) thermal loads due to rapid (1-10 seconds), high

intensity heating requires knowledge of load and temperature histories and a
4 thorough understanding of the response of the material to these load and

temperature histories. For the problem of rapid heating of flight structures

such as missiles and aircraft, structural failures typically occur at temper-

atures between 50-100% of the material rmelt temperature. These strength or

stiffness type failures are caused by a load redistribution and reduced load

carrying capability due to the degradation of structural properties of the

material at high temperature, an important consideration even in the short

heating time.

Once the loads, geometry and materials are known, it is up to the structural
analyst to choose the appropriate code or analysis technique to predict the

response of the structure. For failure predictionthe analyses, in general,

must be capable of handling nonlinear temperature and time dependent material

behavior and large displacement effects.

The ability of a code to perform the required analysis can be established by

comparing code predictions with the results from experiments. Satisfactory

correlation depends upon essentially three factors:

1. Accurate experimental structural response data.

2. Suitable code or analysis capability.

3. "Appropriate" material property data for code input.

Previous studies (Reference 1) have emphasized the predictive ability of the

structural response codes using available material property data. The

objective of this study is to 1) identify a possible need for further high

temperature material property data for short time heating, 2) define an

appropriate format for the data for use in the codes, 3) show how this data

can be obtained, and 4) evaluate the degree of improvement in the response

prediction that can be achieved using these new data.

2
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-° 1.2.1 Material Properties

It is well known that particular material properties can greatly influence the

stress and deformation states in a structure just prior to failure. In indeter-

minant structures, these failures often occur outside of the intensely heated

region. A large uncertainty about the appropriate material property data

still exists in the mind of the analyst despite the importance of this data.

There are at least three basic reasons for the lack of appropriate data.
1. Most material property data have been obtained for use in sure safe

design and analysis. This means that data for structural materials are

available only at the operating temperatures of standard structures.

2. Data in the literature are generally presented in a form that is

appropriate for linear analyses that are typically employed for sure safe

design. For example, only the elastic moduli and yield stress are given as a
function of temperature. For failure prediction, it is necessary to account

for the full range of stress-strain behavior at temperature.
3. Data in the literature do not account for time dependence in the short

time region of interest. Most data of this type are for long service times

appropriate for aircraft. This problem is closely related to the lack of

high temperature data where short time creep effects become important.

The current emphasis is placed on the importance of mechanical properties. It
should be noted that certain physical properties such as specific heat,

conductivity and thermal expansion are also important in the prediction of

temperature within the structure and thermal deformation. In some cases, these

data are also not available at high temperature; however, the type of

("appropriate") physical property data necessary for the analysis is not in

question.

An important task in this study will be to establish the "appropriate" mechani-

cal material property data. By "appropriate" we mean that data which when

used in a theoretically valid constitutive model in existing codes will allow

one to accurately predict the response of the structure. In this context,

material property data are assumed to be separable into three types:

1. time independent - temperature and load independent strain (elastic/

plastic)

3



2. time dependent - temperature and load dependent strain (creep)

3. temperature dependent free expansion strain.

The stress-strain-temperature-time data are generally determined from simple

one-dimensional experiments and the appropriate assumptions based on physical

insight and mathematical necessities are made to extend these data to multi-

axial stress states. This study will focus on one-dimensional behavior both

experimentally and analytically as a springboard to understanding multi-

dimensional behavior.

A 1.2.2 Modeling and Computer Codes

Several general purpose and special purpose structural analysis codes exist

which have the theoretical capability of performing the various elements of

a rapid heating structural response analysis. Two general purpose codes
(MARC and ANSYS) were selected as being representative of codes which have

the capability of performing the complete time-temperature-load analysis of

a complex structure given the proper input data. These codes along with a

special purpose one-dimensional code (CREEPARHS-creep-elastic-plasLtc analysis

of rapidly heated specimens) developed at MDAC will be used to
predict the response of a one dimensional bar subjected to time varying

load and temperature profiles typical of those seen by flight vehicle

structures.

1.2.3 Program Plan and Report Organization

This study will establish and demonstrate a systematic procedure which can be

used to assess the suitability of mechanical material property data as used

by standard structural response codes to predict the response of complex

structures subject to rapid heating. The procedure begins with ar, assessment

of the ability of constitutive models in the code to simulate the actual

material response, e.g., time dependent elastic-plastic-creep In stress/

temperature regimes where creep effects are important. Once the "appropriate"

material property data requirements are defined, specimens which will provide

the required data are designed and the "appropriate" tests performed. The
ability of this data/code combination to accurately predict structural

response is then demonstrated by comparing the analytical results with

results obtained from simple simulation experiments for typical structural

4
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load, temperature and time histories. The analysis and experimental correla-

tion on the one-dimensional specimens serve as a basic check on the material

models, code operation and experimental results. One can then precede with

some confidence to analyze more complex structures. A flow diagram of study

tasks is shown in Figure 1. The following sections will present the results

of the study. A summary of the work including conclusions and recommendations

. is given in Section 2. A survey of available analytical methods and models is
presented in Section 3 followed by a description of the test equipment and

data reduction scheme in Section 4. The material property and simulation

exoeriments are described in Sertions 5 and 6 and a discussion of the

correlation between analysis and experiment is given in Section 7.

r, SURVEY
ANALYTICAL

METHODS

TEST
SPECIMEN

DESIGN
S•UNIAXIAL

MATERIAL [SIMULATION

PROPERTIES •,EXPERIMENTS

TESTS

6061 T6-AL CORRELATIONOF ANALYSIS
-I AND EXPERIMENT

SCONCLUSIONS
RECOMENDATIONS

Figure 1. Flow Diagram of Program Tasks,

l__S



Section 2

SUMMARY, CONCLUSIONS, RECOMMENDATIONS

2.1 SUMMARY

An investigation of the theoretical requirements for an accurate response

analysis of a structure which is subject to a combination of mechanical

and thermal loads due to rapid heating was undertaken. An assessment of

the ability of current nonlinear structural codes (MARC, ANSYS) to predict the

aforementioned response was made in light of the theoretical requirements. A

critical evaluation of the suitability of existing mechanical material pro-

perty data for input to such codes was made with the intention of minimizing

the complexity of the analysis while remaining on firm theoretical ground.

Basic material property tests which would supply the necessary data for code
input were performed using a simple 6061-T6 aluminum tensile specimen. These

tests allowed the generation of "zero" time or time independent stress/strain/

temperature curves as well as time dependent creep strain curves.

Simulation experiments in which load and temperature were varied as a function

of time over a range which included stresses beyond yield and temperatures

near melt (800°F) were performed on the above mentioned tensile specimens.

Analyses were performed using MARC, ANSYS and a one-dimensional code "CREEPARHS"

with the newly generated material property data. The analytical results were

compared with the results obtained from the simulation experiments.

2.2 CONCLUSIONS

2.2.1 Mechanical Material Property Data/Modeling

Significant time dependent creep strain (on the order of the mechanical strain

or greater) can occur in structures where stresses exceed yield and temperatures

approach melt, even in the 1-10 second engagement time regime. It thus becomes

necessary to account for the time dependent and time independent effects. This

w 66



can be effectively accomplished by developing "zero" time or time independent

stress/strain/temperature curves or relations augmented by time dependent

creep strain relations. The use of these data resulted in a much improved

analytical/experimental correlation of the strain/time response in simple

uniaxial simulation experiments as compared to the correlation based upon the

use of 10 second isochronous or standard handbook data. This is because the

isochronous and standard data have built in time-integrated creep strain. The

new data is particularly useful in predicting re•sponse at very early times

(1-3 seconds) and will in fact predict much higher short time allowable

stresses for a one dimensional specimen. An investigation into the effects of

varying the heat up time or the time required for the specimen to reach

test temperature prior to loading showed no significant trend in the 15-60

seconds heat up time regime. This suggests that material property changes

due to the above mentioned heat up time has little effect upon the measured

properties.

2.2.2 Nonlinear Structural Response Codes

Theoretical considerations and excellent one dimensional experiment/analysis

correlation suggest that typical general purpose codes (MARC and ANSYS) and

specialized codes (CREEPARHS) are capable of analyzing simple and complex

structures subject to rapid heating giveii the proper material data input. The

codes allow separation of time dependent and time independent material

property data and thus are well suited to perform combined thermal elastic

creep and plasticity analysis as required in the rapid heating problems. The

general purpose codes are very expensive to use in their nonlinear mode.

Coding errors which existed in the nonlinear temperature dependent subroutines

in MARC and ANSYS have been corrected but it is suspected that these codes are

still not error free.

2.3 RECOWiENDATIONS

The following paragraphs consist of a list of specific recommendations (in

order of suggested performance) for future work followed by a brief discussicn

of issues inherent in the recommendations. These recommnendations are based

7



upon results from present and previous studies concerned with the ability to

predict the response of structures subject to rapid heating.

Mechanical Material Properties

e Use "new" data with more sophisticated creep laws to analyze previously
investigated problems such as a centrally heated, bi-axial loaded plate.

Two interrelated matters which are of concern in determining the requirements

for material property data are constitutive modeling and data acquisition

techniques. The modeling of the data should be sufficiently sophisticated to

allow for the many combinations of possible load/temperature/time profiles which

the structures will see while being simple enough to allow for straight-

forward raw data collection as well as ease in analysis. The thermally

degraded material properties can have a significant effect on the predicted

failure times and failure thresholds of even simple structures. The time

dependent or creep effects must be isolated and be properly accounted for in

the constitutive modeling and analysis. It is recommended that time

independent "zero" time, piece-wise linear stress/strain versus temperature

curves, along with a mechanical equation of state for primary and tertiary

creep strain, be considered as the basic material models. In addition, various

hardening rules (strain hardening, time hardening, etc.) should be evaluated

in terms of their predictive capability.

The temperature and loading environments along with the constitutive models

will dictate the type of data that is required. It then becomes necessary to

perform experiments which will provide the required data. In the present

context, it is necessary to bring the specimens to load and/or to temperature
i4 . a very short period of time. It is recomended that the stress/strain/

temperature data be obtained by bringing the specimens to, and stabilizing

the specimens at temperature as rapidly as possible while loading the

specimens to failure in a time period which is sirall conmpared to the actual

anticipated time to failure of the specimen. Both new ane standard data

should be used to revisit pr-eviously analyzed problems. 7he sensitivity of

tne structure to a wide range of ,naterial datd can then be Pstadblished.

-_• o " •- " . . : •.. . . .m ... m m
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4. Nonlinear Code Analysis

• Develop advanced closed form analysis code (CREEPARHS II) to analyze I
more compl icated problems•- - Indeterminant bar

- Circular Plate

* Exercise/validate general purpose nonlinear codes on above mentioned I

problems.

* It is essential that each option in the codes be exercised and vali-

dated prior to a large scale, complicated analysis. It is recommended that

sample problems which are amenable to semi-closed form solutions such as an

indeterminant bar and a centrally heated circular plate be used to verify the

operation of the code for more advanced problems using the "new" data. A more
advanced version of the CREEPARHS code could serve the purpose of checking the

multidimensional stress calculational ability of the general purpose codes.

Experiments

* Perform appropriate experiments for code/experiment correlation.

9 Simple one dimensional simulation tests (load and temperature vary

with time) can serve as the vehicle for combined code/material property

validation for more refined creep and hardening laws.

A series of highly instrumented "simple" experiments which demonstrate the

various aspects of the overall rapid heating problem should be performed.

These should lend themselves to straightforward analysis, and can be limited

to elementary structural configurations.

Failure Laws

9 Propose and evaluate failure laws for stress and buckling type

S•,failures.

Generate Appropriate Data for Alternate Materials

1. References for and discussion of the need for "appropriate" material

properties.

2. Suggestions for types of simulation tests.

3. Discussion'tf the sensitivity of predicted results to material

properties/computer code modeling.

9



4 Short Time Heating Analysis Guide

e The need exists for a manual which explains the various aspects of

the analysis of a rapidly heated structure. The following material would

be included in such a guide:

1. Summary of simplified analysis techniques for typical structural

configurations including; bars, plates, shells.

2. Summary of relevant experimental data.

3. Appropriate material property data for nonlinear finite elenent code

analysis.

10



Section 3

SURVEY OF ANALYTICAL METHODS/MODELS

The initial phase of this study was dedicated to developing an understanding

of the methods and models available for analyzing the nonlinear. time

dependent behavior of metals. The primary consideration was to evaluate the

suitability of existing approaches or to develop an alternative approach to

material modeling which could be easily incorporated into existing analysis

codes. The material model must have a firm theoretical base but be simple

so as to minimize the amount of material property data that must be aathered.

3.1 THEORETICAL CONSIDERATIONS

In order- to understand the behavior of metals, for example 6061-Aluminum, which

are rapidly heated, one must realize that time dependent plastic flow or creep

can occur even in very short periods of time if the temperatures and stresses

in the material are sufficiently high. Any attempt to use constitutive models

which do not account for the time dependent strain explicitly or account for

some time integrated effect of the time dependent strain (Isochronous stress/

strain curves) is likely to introduce major errors if the duration of heating

or lodding is short as compared to the time over which the data are taken. In

the case where materials are heated to temperatures approaching melt in

less than 10 seconds, the "appropriate" data must account for the strain as

a function of temperature, stress and time for times less than 10 seconds.

Historically, constitutive models for homogeneous structural materials were

developed ini a manner which allowed separation of the material behavior into

linear (elastic) and nonlinear (plastic) time independent behavior and non-

linear time dependent behavior (creep). An excellent sunmmary discussion of

basic conceptG of plasticity and creep theory can be found in Reference 4.

Table I illustrates the various regimes of material behavior as is used in

most analysis codes. As pointed out in *(eference 4, there have been a number

of attempts to improve on the classical phenomenological or equation of state
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method of describing creep strain. These theories attempt, for example, to

account for certain recovery effects found upon specimen unloading. Most

recently, the so called "unified" theories based upon thermodynamic consider-

ations have surfaced. These theories attempt to treat the inelastic time

dependent and time independent strain as a single phenomenon.

The point to keep in mind is that the particular constitutive model chosen

should explain the observed phenomei-on in the simplest possible mariner. In

a rapidly heated structure, the stress redistribution and subsequent failure

arise primarily from the thermally degraded elastic pro;,erties, the thermially

activated plastic flow and the early time creep. These phenomenon are pre-

cisely those which can be modeled by current general purpose nonlinear struc-

tural analysis codes. In view of this, the material behavior will be modeled

as elastic-plastic-creep. Selected flow and hardening rules will be used to

describe the plasticity and a mechanical equation of state will be used to

model the creep.

In principle, one can talk about time independent strain (elastic-plastic) and

time dependent strain (creep) but in practice one must be able to performi

matErial property tests in a manner which will allow separation of these

quantities. Naturally, it takes a finite time to heat a specimen to temper-

ature and aoply the load. The standard test to obtain stress/strain data as

a f.inctior' 3f temperature is to heat the specimen to temperature in a minute

or longer and then to load the specimen to failure at a low strain rate of
O.5'/minute. Obviously, d large component of time dependent strain can

accumulate during the test. Theoretically, one ccula obtain "zero" time or

time independent elastic/plastic temperature dependent stress/strain curves

by either heating a specimen to tempercture ;ind applying the loaa in a

very short period of time or by applying the load to a specimen and heating

to temperature in a very short period of time. The mr:chods are essentially

equivalent in the cdse where tILe heitirng of • specimen does not cause

metaliurgical changes in the time it takes to heal. Tue equivaldnce of the

tw3 methods has been a sub.ject of debate. A simpie tought experiment ca

help to iliustratie tl,e problems in !,aving tyeo sets :ýf conflicting "zero tnII.

data as generated 'y the above ;mention-d approachr3. Cunsider a flight
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structire operating at some nominal temperature and subject to a quasi-static

set of aerodynamic loads. At some point in time, the structure is irradiated
by a heat source and portions of the structure are rapidly heated. At that

instant, one might argue that the appropriate data might be that generated by

epplying a load to a specimen and then rapidly heating it. Back at the

structure, in the next instant, the local stress field has changed due to

thermally degraded material properties. One might then argue that the appro-

priate data might be that generated in a test where temperature is held

constant and load is rapidly changed . From then on, the stress and temperature

are in a constant state of change. It is obvious that neither method of

obtaining data can be used to exactly model the phenomenon unless the differences

between the data are negligible. It is suggested that the primary difference

in the data will arise from the accumulated time dependent strain and that

either method will produce equivalent "zero" time curves as long as the
loading or heating times are short compared to the engagement time.

3.1.1 Determinati3n of "Zero" Time Temperature Dependent Stress-Strain Curves

A procedure has been developed which allows the determination of the "zero"

time strain from stress-strain tests performed at various load rates. Consider

a uniaxial specimen as shown in Figure 2. Figure 3 shows the load and temper-

ature history for the specimen.

/ / I / //

P
0

Figure 2. Uniaxial Test Specimen
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Load
Temperature

__
20 20 21

Time (sec) Time (sec)

Figure 3. Material Property Test for Constant Temperature Rapidly Loaded"• Specimen,

The specimen is uniformly heated in 20 seconds or less to test temperature
dP Cr utb

T, and then loaded rapidly at a rate P= T- to final load P Care must be

taken so as to load the Epecimen rapidly enough to prevent time dependent

strain from accumulating but not so rapidly as to produce dynamic effects.
The strain is measured for each load P, 0 < P < P0 for fixed load rate P1 and

temperature Tl. A series of tests are performed in which strain is measured

for various load rates and for particular loads (stresses) and temperatures.

The strain is then plotted as a function of the time to reach a particular

load as shown in Figure 4. These points are fit by a smooth curve and extra-

polated back to time zero. This then gives the time independent elastic-

plastic strain for a given stress and temperature. A series of tests at
various appropriate load rates and temperatures would provide data that can

be used to generate "zero" time, temperature-dependent stress-strain curves.

E

S• T -T1

"•J I P =PI

II

SCR

•EL + •PL . - - .'.. .

At
TIME TO LOAD (SEC)

Figure 4. Determination of "Zero" Time Elastic-Plastic Strain
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3.2 NONLINEAR STRUCTURAL ANALYSIS CODES

Many general purpose and special purpose codes exist which have the capability

of solving elastic-plastic creep oroblems. The solution algorithms, however,

differ in many respects both from a theoretical and operational point of view.

An excellent description of the various aspects of the solution techniques

can be found in Reference 5. The thermal elastic-plastic algorithms are
fairly standard and are flexible enough to allow for various types of material

behavior beyond yield and for reversed loading. The solution methods for

handling the creep strain are varied and can greatly influence the accuracy

of the results and the computation time of the analysis. The original solution

methods (and those used most widely today) were based upon the method used

for elastic thermal stress analysis. In that approach, a set of "initial"

strains depending on temperature and thermal coefficient of expansion are

calculated and con\erted to "initial" loads through the use of elastic and

geometric properties. The problem is linear since none of the "initial"

quantities depended on the deformation or stress level in the structure.

Similarly, "initial" creep strains can be calculated. These strains in general
depend on the stress level of the structure and thus can only serve as

approximate values. Many alterations to the basic "initial" strain procedure

have been made to account for the approximate nature of the solution, including

algorithms which select time increments so as to insure that stresses calcu-

lated at the end of an increment are compatible with creep strain calculated

at the beginning of the increment.

3.2.1 General Purpose Finite Element Codes (MARC, ANSYS)

Two general purpose codes were selected to demonstrate and evaluate the

ability of standard nonlinear codes to solve the rapid heating problems. These

codes have extensive element libraries and are capable of solving nonlinear

problems including plasticity, creep, large deflections and buckling. The

codes use essentially the same approach in solving the plasticity and creep
problems although MARC allows for user written subroutines to calculate creep

and temperature dependent stress-strain behavior. A more detailed description

of the codes can be found in References 3 and 5.

16



3.2.2 Special Purpose Analysis Code (CREEPARHS)

A special purpose one-dimensional direct integration code "CREEPARHS" (creep-

elastic-plastic-analysis of rapidly heated specimens) was written for the

expressed and important purpose of evaluating the proposed material models

in an accurate and cost efficient manner. The code is capable of analyzing

the response of an idealized one-dimensional homogenous cylindrical bar

subjected to load/temperature histories as shown in Figure 5.

SLoad Temperature

T T TF TTITime Time

Figure 5. Load/Temperature Input Histories for Simulation Tests

These temperature and load histories were selected as being representative of

those seen in more complex rapidly heated structures and to demonstrate the

wide range of material behavior that can result from varying the input load

and temperature levels and durations.

The code uses time independent multilinear stress-strain-temperature curves

and interpolates for temperatures between those inputs. In addition, it cal-

culates creep strain as a function of time using a specific creep strain versus

stress, time and temperature relations, and a time hardening creep rule.

Finally, thermal strain as a function of temperature is calculated. The

output consists of temperature, stress, and mechanical, thermal, creep and

total strain at each point in time as well as a listing of the input data and

initial conditions. A more detailed description of the code including the

governing equations is given in Section 7. A code listing can be found in

Appendix 2. It should be noted that the input to this code is identical to

that required by most general ourpose codes. This allows a direct check on the

various procedures used by the codes to solve the nonlinear problems.
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Section 4

EXPERIMENT/TEST SPECIMEN DESIGN AND DATA REDUCTION

Simple unlaxial tensile specimens were used for all of the material property

and simulation tests. The material property tests consisted of stress/strain

tests as a function of temperature and short time creep tests as a function

of stress and temperature. The experiment and specimen designs were based

upon ASTM E150-64, standard recommended practices for "conducting croep and

tension tests of metallic materials under conditions of rapid heating and

short time".

Subsection 4,1 through 4.3 discuss the teots and test specimens. Subsection

4,4 describes the process used to convert the raw data to a form suitable for

input to the analysis codes. This was a major effort and should be automated

in any future work,

4.1 SPECIMEN DESIGN

The tensile specimens were machined fron, a sheet of 6061-T6 Aluminum. The

final specimen dimensions (Figure 6) were detemined experimentally by varying

the specir;en length and cross section in order to obtain the most uniform

temperature field in the gauge length.

4,50"1 (11.43 cm)

2.75 '6,90 cm)

0.280" (.71 cLV)Dla. O.370" (.V. Lil) Di8.

Figure 6. Tensile Specimen Design
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4.2 TEST EQUIPMENT
The following items were used in the rapid heating/loading tests:

1. PITS model 810 Servo-hydraulic test machine with a 100,000 pound
load frame and a 6,000 pound load cell.

2. PITS model 632.058-01 elevated temperature extensometer with quartz
arms and a one-inch gauge length.

3. Research Inc. THERMAC "A" Power controller with DATA-TRAC Program
Control. 100 AMP, 440 volt capacity.

4. Jefferies Transformer, 460 volt primary, 15 volt secondary, 15 KVA
capacity.

4.3 TEST TECHIIIQUE
Direct resistance heating was used in order to obtain the rapid heating ratoes
required in the tests. A 15 KVA transformer coupled with a Research Inc.
Power Controller equipped with a data-trac programmner was used to control
heating rates and maximum temperatures, The specimens were instrumented with
4 cloromil-Alumal thermocouple; attached by the u:e of copper clamps made froir
thin copper shoots, One thermocouple was placed on each side of the one-inch
gauge length to monitor th'ý temnperature variation. The remaining two thermno-
couples were used to itonitor and control the temperature within the gauge length.
The maximum heating rate, maximum temperature, loading rate and maximum load
were all preset on the test, equipment prior to the start of each test. A
diagram of the test, equipment is shown in Figure 7. Figures 8 and 9 are photo-
graphs showing the entire test system and a closeup of the test specimen/gauge
configuration, Many of the tests required heating prior to loading. For
these tests, a tero offset technique was used to offset the* strain trace by

or a knuuin amount, This allowed the@ usa of a higher magnification factor for
the strain versus timeo oscilotirapIh tra(.I dluring the loading phabo of the test,

The following Is a list of the range (if loading and heating parameters which
were used In, tits tests:

a luoad ratu (?,b - 1O KSI/Sec)

e ýtres% (0-45 K51)
e Heating r4to (11', 40`1`/ýW~
a 1'emph voiriation ocross usugo length (tlO"F' at 8100*F)
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4.4 DATA OUTPUT AND REDUCTION

The strain versus time as well as the temperature and load histories were

mechanically recorded on a standard continuously running oscillograph recorder.

In addition, the stress-strain curves were plotted in real test time using an

X-Y plotter. An example of the o-graph output is shown in Figure 10.

A major effort in the program was to convert the recorded data into a form

which was amenable to analysis. The data reduction task was complicated by

the fact that the strain scales and chart recording speeds were varied up to

three times during a test and from test to test. The scale changing was

necessary because the magnitude of the strain data varied greatly both during

b the tests and from test to test. The strain versus time was digitized using

a trýktronix digitizer and then stored on magnetic tape.

A computer program was written which smoothed and provided curve fitting for

the raw data and then calculated the parameters necessary for analysis such

as the elastic moduli, yield stress, and stress versus plastic strain. In
i particular, the stress-strain data was fit to a 10th order polynomial and

then reduced to a piecewise linear curve with N ,e2lents (Figure 11). The

N + 1 breakpoints were selected by calculating the N points on the curve with

the largest changes in slope. The idea was to best approximate the work

hardening effects in the stress strain behavior.

The creep data was fit by various fonilulds dependiny upon the intended use.

The general behavior of the creep data is Illustrated in Figure 12. One sees

the classical primary, secondary and in a few cases tertiary steps. In most

cases, the time scale of the secondary stage was very long compared to 1-10

second heating time which is of current interest and thus the data was fit

to a fourth order polynomial using a least squares technique in the primary

stage and was assumed linear in the secondary stage. The curve fit

representations of the creep data are shown in the next section (Figures

20 - 24).
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Section 5

MATERIAL PROPERTY TESTS

This section includes a description of the tests and a summary of the test

results followed by a complete test matrix. The emphasis in this program was

not to obtain statistically significant data, but instead to perform tests

which would illustrate basic material behavior. Reruns of individual tests

were performed only in those cases where the data did not follow anticipated

trends. In all cases where the data are used in an analysis, the error in

the data is considered small compared to the magnitude of the effect being

measured.

The following types of tests were p,,,,'ormed to obtain basic material property

data. A sketch of the load and temperature history for the test is included

in each description.

5.1 TEMPERATURE PREHEAT SENSITIVITY TES.'-

These tests were perforwe- 17 gain an insight into the Pf"'ect of vary t ng the

?reheat time on the creep tnaracteri-.i Jcs of the IAL'erial. In particu.ar,

the time to reach 800F 04270C) was varied from 20-CO seconds. The Icad was

then applied at a rate of 40 KSI/second (275 MPa/seconJ' to d final s'iress of

4 KSI (27.5 MPa). The strain as a function of time was measured at constant

stress. The load and temperature histories are shown in Figure 13.

Tne results of these tests are shown in Figure 14. The cross hatched rerion

in the lower curves indicates the area where the strain versus time dita lies.

there was rio trend noticed in the behavior of the strain versus time as the

heat-up tire was varied. Thii is not to say that no effect exists. The

upper curve was a similar single test performed at 40 KSI/second (275 MPa/

second) with a 20 sErond heat up time. It is suggested that a variation of

a principal quantity such as stress is far more significant in determIninC

the strain-time behavior than a variation in heat up time. A test matrix is

given in Table 2.
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Load 4/27.S -- -

(KSI/MPa) Temperature

(-F/0C)

800/427

0 60 60.1 0  60
Time (ser) Time (sec)

Figure 13. Stress/Tempereture History - Preheat Sensitivity Tests.

Table 2
Preheat Sensitivity Test Matrix

Heatup Final
Test Rate Stress
Type Test No. (OF/Sec) (KSI/MPa)

CREEP CTI-80 40 4/27,5
CREEP CT2-80 32 4/27.5
CREEP CT3-80 16 4/27.5
CREEP CT4-80 8.9 4/27.5

5.2 STRALIN VERSUS LOAD RATE TESTS

These tests were useu to demonstrate the ability to extrapolate the measured
strain to zero time so as to generate tý.e "zero" tiri e or time independent
stress-strain-temr)erature curves.

The Specimens were tested at 00*F (260'C) end 800'F (427 0 C) at stresses well
above yield so as to bc able to bound the time dependent effects due to
temperature ani stress. The general procedure was to heat the specimens to

27
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temperature T0 in 20 seconds and then apply the load at a constant rate P1
until the final load level P1 was reached. The load rate was then czk-nqed

to P2 and the test repeated. These histories arc shown in Figure 15, The

specific tests performed are listed in Table 3.

Temperature
Load To

P I - - -I / 0 T I

Fiue1.Srs/ Tepraue itoy-odae esiiit-ess

a/b I P

P,

0 20 0 20
Time (Sec) Time (Ser)

Figure 15. Stress/Temperature History -Load Rate Sensitivity Tests.

Tabl e 3

Load Rate Sensitivity Test Matrix

Test Final
Test Temperature Stress Rate Stress
Type Test No. °F/°C (KSI/MPa/Sec) (KSI/MPa)

Creep CSI-50 500/260 80/550 28.7/198

CS2-50 500/260 20/137 28.7/198

C53-50 500/260 10/69 28.7/198

CSI-80 800/427 40/275 4/27.5
CS2-80 800/427 20/137 4/27.5

C$3-80 800/427 10/69 4/27.5

CS4-80 800/427 2.5/14 4/27.5

CS5-80 800/427 40/275 6/41.3

CS6-80 800/427 20/1 37 6/41.3

CS7-80 800/427 10/69 6/41.3
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4 The strain at 500OF (260'C) is plotted as a function of the time to reach the
final stress (28.7 KSI/198 MPa) in Figure 16. A smooth line is drawn through

the data points and extrapolated to time t = 0. The intercept strain repre-
sents the time independent Elastic + Plastic strain at the given stress and

temperature. It is seen that a reasonable approximation to the time independent

strain (<15% error) can be obtained by loading the specimen to final stress in

one second or less. On the other hand, a 200% error would result if the
specimen were loaded in three seconds. Similar results are shown in

Figure 17 for specimens tested at 800OF (427*C) at two stress levels. It is

seen tnat for a given acceptable level of error, the time tc final load

increases dramatically as the stress increases beyond yield. In this case, a

15% error or less is guaranteed by loading to 6 KSI/41 MPa in 0.15 seconds

or less. Theoretically, one could perform a whole series of tests where the

final load, load rate and temperature were varied. Extrapolation of the

results would lead to a set of "zero" time stress/strain-temperature curves.

In practice one could decide upon an acceptable upper error bound and select
a single load rate which would be used in all of the tests. In this study, a
load rate of 40 KSI/sec (276 MPa/sec) was chosen based upon a maximum 15%

error in the strain at the worst case temperature/stress combination

(800OF/6 KSI)(4270 F/41 MPa). This will assure a minimum error in the

majority of the stress/strain/temperature data.

5.3 STRESS-STRAIN-TEMPERATURE TESTS

The tests that were performed in this phase were essentially standard elevated

temperature stress-strain tests with the exception that the load was applied

at a rate (40 KSI/sec) (276 MPa/sec) which was rapid enough to prevent the

accumulation of time dependent strain (see Section 5.2). Fig-re 18 illustrates

typical load temperature histories. Table 4 contains the complete test

matrix.

The resulting "zero" time stress-strain curves are plotted as a function of

temperature in Figure 19. It is important to note that a relatively small

increment of stress beyond yield at temperatures above 500 0 F (260 0C) leads

to an increasingly large increment in plastic strain. An important comparison

between these curves and the so called handbook and isochronous curves is

presented in the following section.
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i STRES$ 28'KSl/I 3 MPa
1.2 -- -__- -_- -

I I

__ _ _ _ __ _______ __ _ _ _ _ _1.0

_ _ _ _ _ _ _ _ _ _ _.8

I I- Ii..-..-.

.4

.2- 
_

!I ... ._ _

.2 ____ -- - ,-

0 .3 .6 .9 1.2 1.5 1.8 2.1 2.4 2.7 3.0
TIME (SEC)

Figure 16. EXTRAPOLATION OF STRAIN DATA TO "ZERO"TIME - TEMP - 500*F (26000)
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Load Temperature
PO TO ... /

T0  -

I I I

I I g

00

Tim (soc) Time (soc)

Figurg 10, Stress/Tomiprature History - Streos/Strain Tests,.

Tablo 4

Strog*•~traln Tenperature Test Matrix

Test fTime To
Tomnerature |Final Stress Final Stress

Test Type Teot No. (F/*) KSI/MP.) ( s )
Stross/Strailr SS-RT 71/21.7 42/26a (c0d

!54-4(0 400/204 33/227 0,026

15$-50 600/260 20,7/198 0.717%

S$6-60 600/315 20/138 0.5

S$7-70 700/371 11/76 0.275

SS.-75 750/399 U/..6 0.20

SS1-10 800/427 6/4,3 0.15

b.4 (,kLLP TLSTS

A series of standard creop tests were performd in which the load and temper-

4ture tost levels ware WileIted 0o as to allow Investigation of the creep
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.2 ;4 .6 .8
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Figure 19. Stress/Strain Curves: "Zero Time"



response of the material over a wide range of loading conditions. In

particular, the temperature levels varied from 500-800°F (260-427°C) and

the load levels were selected so that at least one test was pertormed in the

following stress-strain regions:

* elastic

* yield

* post-yield

The specimens were heated to temperature in 20 seconds or less and the load

was applied at the rate of 40 KSI/second (276 MPa/second). The temperature/

load history is the same as that seen in Figure 13. The complete creep test

matrix is shown in Table 5.

Table 5

Creep Strain Test Matrix

Test Type Test No. Test Temperature Test Stress (KSI/PPa)

Creep CI-50 500°F/260 0C 13/90
C2-50 20/1 38
C3-50 25/172
C4-50 27/186

Cl-60 600°F/316°C 8.1/56
C2-60 11.4/79
C3-60 17.8/123
C4-60 19.5/134

C1-70 700°F/371°C 5.5/38
C2-70 6.8/47
C3-70 10.3/71
C4-70 1 0.3/78
C1-75 750°F/3990C 4.5/31
C2-75 5.8/40
C3-75 7.8/54
C4-75• 8.4/58

Cl-80 800°F/4270C 1.6/11
C2-80 I 2.4/17
C3-80 1 3.2/22
C4-80 4.0/28
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The creep strain versus time curves were obtained by subtracting the strain at

load and then curve fitting the data as described in Section 4.4. The

resulting curves are shown in Figures 20 - 24. Note that creep strain increased

dramatically once a certain stress level is reached. This stress level is

generally in the center of the knee of the stress-strain curve as can be seen

from Figure 19. One then must consider the contribution from creep at stress

levels above yield.

The raw data from the creep tests (which includes elastic and plastic strain)

can also be used to generate so-called isochronous or constant time stress-

strain curves. It is precisely these isochronous curves that have been used

in attempts (Reference 3) to solve the rapid heating problems. Unfortunately,

the best available isochronous data are 10 second curves. It is evident

from the creep data that significant creep can occur during the 1-10 second

time period, thus the 10 second data are not appropriate for the analysis

The isochronous curves are generated by selecting a certain time and then

plotting the stress versus strain as a function of temperature. An accurate

isochronous curve thus requires data from the large number of creep tests.

Examples of isochronous curves which have been generated from the creep data

in Figures 20-24 are shown in Figures 25-29. The important thing to notice

in these curves is that for a particu!ar value of strain, the corresponding

stress decreases dramatically as one moves from the 1 second to the 10 second

curve. If the 10 second data were used in the analysis of a simple uniaxial

specimen, one would predict failure at a stress level which could be signifi-

cantly lower than the actual failure stress level. This suggests, for example,

that the predicted failure times in more complicated structures might be much

shorter than the actual failure times.

5.5 FREE THERMAL EXPANSION TESTS

In each of the previous tests, the thermal expansion strain was measured after

the specimen was stabilized at temperature. The coefficient of thermal

expansion was calculated by dividing the thermal strain by the temperature.

These data were used as input to the analysis codes.
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S S6.6 STRESS-STRAIN CURVE COMPARISOtN
The major fault In using either 10 second isochronous or stenderd* (Reference
6) stress-strain curves is that a substantial amount of time integrated creep
strain is Automatically built in, This can be easily seen by comparing the
stress-wtrain temperature curves as shown in Figure 30. The first thing to
motiLe is that the 10 second isochronous curves do not differ significantly from
the standard curves, especially at temperatures above 5001F (2600C), However,
these curves are substantially different than the "zero" time curves. For
example, at 6001F (316*C) there is almost a factor of two difference in the
anximum stress. One must not forget to add the appropriate creep strain to the

1zero" time strain to get a precise comparison between stress-strain behavior,
but this correction will become less significant as the time at temperature of the
specimen i4 reduced. In the limitt I.e., as the specimen Is instantaneously
brought to temperature and loadtho creep effect would vaniah and thoi "zero"
time data must be used,

$tatdard (hnndbook) curves are typically Venerated under low load rate
(0.1% ktrain/,iute)/lunrg soAk time (30 i,|nute.) condition4.
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Section 6

SIMULATION EXPERIMENTS

A rapidly heated complex structure would experience a continuous redistribution

of temperature and stress due to heat flow and material property thermal

degradation. In order to have confidence in the ability of an analytical

procedure to predict the response of the structure, one could perform experi-

ments which simulate the important aspects of the structural response and then

compare the results with the analytical prediction. To this end, a series

of uniaxial simulation experiments were performed in which the load and temper-

ature histories were selected so as to cover the spectrum of the postulated load/

temperature histories in the actual rapidly heated structures. The test times

were slightly longer (<25 seconds) than the suggested 1-10 second rapid heating
times. These times were chosen so as to test the suitability of the creep

relation for longer times and so as to be able to reach 800*F (427°C) without

overstressing the experimental heating system. These experiments served three

important functions. The first was to demonstrate the ability to perform the

simulation experiments in a precisely controlled manner. The second was to
provide an experimental base which could be used in comparison with analytical

results. The third was to allow the investigation of material behavior as

influenced by various combinations of time varying stress and temperature.

This investigation ultimately would allow one to make an assessment of the

adequacy of existing and proposed material models.

The most general form of the load/temperature history is shown in Figure 31.

Notice that these forms allow, as special cases, all of the tests performed

in Section 5. Within this framework, 16 different types of tests were

pe-formed in which the following conditions were enforced:

* Constant load and temperature rising with time

e Load and temperature rising with time

s Increasing load followed by decreasing load, temperature constant

e Increasing load followed by decreasing load, temperature rising

with time.
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Figure 31. Load/Temperature History Simulation Experiments

The following subsections will dpscribe results from one example of each of

the above categories. The balance of results are plotted aginst the results
from the CREEPARHS analysis and are included in Appendix 1. A complete simulation

test matrix is given in Table 6. It will be seen that any combination of

thermal, mechanical and creep strain components can be the primary strain
response modes.

6.1 SIMULATION TEST - CONSTANT/LOAD TEMPERATURE

The strain versus time trace along with the stress-temperature-time histories

are shown in Figure 32. The strain is composed of free thermal expansion,
mechanical and creep components. From the stress-strain curves in Figure 19,

one can see that the mechanical strain is less than 0.1% until the temperature

exceeds 750°F (3990C). We thus see an almost linear rise in strain due to

thermal expansion until 18 seconds when the stress and temperature are constant.

This temperature/stress combination causes significant creep (Tertiary) from this

point on and in fact the specimen ultimately failed. In order to predict

the total behavior, one must account for tertiary creep in the analysis.

CONCLUSION: Thermal strain and tertiary creep are dominant modes.

6.2 SIMULATION TEST - LOAD/TEMPERATURE RISING WITH TIME

The strain versus time trace is shown in Figure 33. The strain is again composed

of thermal, mechanical and creep effects. The response is essentially linearly

elastic until one second when the maximum stress of 20 KSI (138 MPa) is acting.
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From Figure 19 one can see that the response is elastic for 20 KSI (138 MPa)

stress until tVe temperature exceeds 500OF (260 0 C). This is seen in Figure

33 as the thermal and elastic strain increase almost linearly until 12 seconds

have elapsed. As the temperature exceeds 500°F (260 0 C), the maximum allowable

stress at teiiperature is exceeded and the specimen rapidly fails due to plastic

and creep strain.

CONCLUSION: Thermal strain and plastic strain are dominant modes.

6.3 SIMULATION TEST - LOAD-INCREASING, DECREASING/TEMPERATURE CONSTANT

This is the first example of a case where unloading occurs. The thermal strain

has [due to constant temperature at 500OF (260 0C)] been subtracted out of the

strain-time history and the results are shown in Figure 34. From Figure 19, one

can see that the stress is always in the elastic range. The nonlinear

behavior seen in Figure 34 in the seven to ten second time interval must be due

to creep. One also notices that unloading causes a linear reduction in strain.

Finally, a permanent component of strain remains after the load has dropped to

zero.

CONCLUSION: Elastic and creep strain are dominant modes.

6.4 SIMULATION TEST - LOAN-INCREASING, CONSTANT, DECREASING/TEMPERATURE

INCREASING

This is the final and most complicated example. Note in Figure 35 that the

maximum stress and temperatures are the same as in the previous example but

the strain versus time history is very different. The strain is composed of

elastic, thermal and creep components in this case The creep component
plays a small role due to the fact the temperature does not rise sufficiently

until the end of the test. One can see a linear increase in elastic strain

until two seconds have elapsed. The strain increases due to thermal effects

until approximately 11 seconds when the load is reduced to zero. The strain

reduces linearly and only the thermal and a small creep component remain.

CONCLUSION: Elastic and thermal strain are dominant modes.
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Section 7

ANALYSVJ ANO EXPEHIMENT - CORRELATION

This section will dascribe the results that were obtained from the correlation

analysis and compare those results with the resultb from the simulatiorn *xp.r-

Iments, In particular, four examples of the CREEPARHS versus tost date

comparison (one for each general category of test) will be discussed, 1he

difference in results obtained by using "zero" time data and 10 second
Isochronous data will be demonstrated, A comparison of the results obtained
for MARC, ANSYS and CREEPAkHS will be made for two of tohG abcvo mentioned
problems,

7,1 STRUCTURAL CODE "USABIliTf"
It is appropriate to state at the outset that the general purpose nonlinear

codes such as MARC and ANSVI are not practical for use in lnveottljatig thq
rusponse of a structure to many combinstions of thermal and mechanicsal applied

load states. The cudes are expensive to use (as will be seen) for even the
himplest of problooms, In many cases, the dominant physics of the 1probleeii are
oi~sJurred due to the. 'llac&0 box" approach used In the codes, end It Is
prcisoely an undorstanding of thebe phystl'. that offaeir oni the upportunity to
gain an understanding of the effects of th, material behavior on0 the rwspurosw

of a structiuro.

An additional and ever more serious problem 1t that general purpisu ciodce5 may
jgot. be error free, It It our vAparfince that th& 11,? version of MARC list

"bugs" In the routineb which allow the calculatior' of plastic strain, Thoese

"butju" have. Wuon e.urrected in the, 11.4 ravisiwo, lurther, wet found that the

revision 3 uIj'14. f t , vnr3 1o. Ifu AtWa, ' h4-4 prilihIc -- Iin ( lLul tiIl'j thu

tenupura turn dopendent • sit •Vrtie for the lt 1n l, •oi, e to IiIarty ndlni . A muoeltt(od

of Lir'.umvntlnt y the prohlan n•I 1,• ti t uiii of 01h4 vartli In th" ' urlant.

study. fur thosif rvasons, it wai decided to dJvolop a itihplo oew. ll iglnl1orga

coda WEL[PAHIIS which tould purfort the ranjulrad iniulotaon aial ytsis, Ilhi
majority of thi an1lys is was ol ve rml"'a'd -O nrij 110% hi oda,

6(0



7.2 MATERIAL PROPERTY MODEL FOR TENSILE SPECIMEN
The tensile specimen used In the simulation experiments can be characterized

by a one-dimenstional stress state. The quantity of Interest which was measured
In the experiments was the extensional strain as a function of time. The

total strain can be decomposed into elastic, plastic, thermal and creep

components as shown in equation 1.

t LE (,ot) + cp(T,t) + tTH(T) + Lcr(OTt) (1)

where

LL # elstic strain

• plastic (time Independent strain)

ITH 4 thermal strain

17cr -" creep strain

and u, 1', t are applied stress, temperature, and time.

1he elastic component can be rewritten ii

I " (2)

where 1'(T) i the elastic temperature dependent Young's modulus. The

elstic; mudulus is tabulated a6 a function of temperaturn and a linear
interpolation schemw is used to calculate a value at any intermediate
tempera ture,

The plistir; compohnnt can be represented by a series of multilinear, stress-

p'lastic strain curves, tech curve corresponds to a different temperature.
I.in',ar Intarpolation is uted to calculate the strain for inteimnt.fiate values
i(f teiperature,

The therml :omponent can be written as

'II , A(t) I

'A •thermal expansion coefficient • integrated thermal straiun
lihtwepn room temperature and temperature T divided by the temperAture T.

A table (if tonlperaturu-depercdent thermal expansion coefficients Is then

c(oipilod arid an intwrp(Jlatlon schem• used for intemediote values.
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The creep strain can be written in a functional form which has the following

properties:

1. Approximates short time creep behavior in primary and tertiary

stages.

2. Allows simple calculation of coefficients using analytic as opposed

to hand reduction techniques.

3. Matches the form of the creep equations which are either built in

or can be added to general purpose codes.

4 The most general form of the relationship is given in Equation 3.

Ccr IAo [1-exp(-A 1t)0 exp(_A 2 /T)oA3 + BojBtlxp(_B2 /T)aB3 (3)

(primary) ("generalized" secondary)

where

A0 , A1, A2 , A3 , B0, Bit B2 , and B3 are constants.

It was found that little was gained by fitting the date to both primary and

"generalized" secondary portions of Equation 3. Thus, the "generalized"

secondary relationship was adopted. The data from the curves in Figures 20-24

was fit to Equation 3 using a multiple linear regression procedure as outlined

below and described in References 7 and 8.

Given Ecr ' 80tB1 exp (-B 2 /T)aB3 (4)

then

In cr. = In (BG) + BlIn(t) - B2 /T + B3ln (o) (5)

Define for each data point (i) in each creep strain curve
i

E cr =ln cr

In (Bo), FII = In(ti) Fi 2  I- /Ti, F 3 = In(o (6)

then the following system of algebraic equations can be solved for the

unknowns,

Bog Bi, B2, B3
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E r E ,,oN + B FI + BEF + F

1=1 = 1 12 1 1

i~il _ I i n

n n 1n n F2 n 1 3
SrF 1  B Z F1  E J FJ F1 + B F F. + B3 E F F1-icr i i i 3_ i 22

i."n .n n n n 2z+B

2. I F E F 1cr 2 =1 1 13 i1F i

_ n n n
- •3 =B' F 3+ B E FI F3 + B2 F2 F3 + B F33 Fi=I•c i I I i= i lii I
cr1I o1 .1  lF j+ 2 1 Fii+ 3 p

(no sum on i)

In principal, a whole series of equations such as Equation 4 could be developed,

each corresponding to a particular temperature and stress. In order to cal-

culate creep strain for intermediate values of stress and temperature, one

can interpolate between curves. This procedure would most likely give

better results in the simulation analysis. A single master equation can only

give least square type averaged values of creep strain. Unfortunately, many

codes, including ANSYS,do not allow for multiple creep equation entry and

thus the single equation approach was taken.

In order to calculate the total strain at any point in time, one must add all
of the increments in strain up to that point in time. If de tota is the

incrcmen'>il change in strain between time t and time t + Lt, then the total

strain at time to is given by Equation 7.

t(7
£total f dctotal + %total (initial) (7)

tat 0 0

Theoretically)one could evaluate Equation 7 exactly, given analytical forms

of the stress and temperature histories. In practice it is much more con-

venient to simply evaluate the total strain by numerically stepping through

time in an incremental fashion. This is the procedure used in MARC, ANSYS

and CREEPARHS. In particular, one calculates the stress and temperature at
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a specific point in time. This allows direct calculation of the elastic and

thermal strain. If the particular combination of temperature and stress

imply a loading state with respect to the previous state, then one can move

up the plastic stress-strain curve and calculate the plastic strain.

If the new temperature and stress state imply unloading, then the incremental

change in plastic strain is zero and one unloads elastically. The calzulation

of the creep strain requires the adoption of a particular hardening rule.

That is, one must prescribe how the creep strain rate depends on the creep

strain, temperature, etc. A "time-hardening" rule was selected beth for the

sake of convenience and because this rule I. thought effective when the

material is subject to temperatures near melt (Reference 5). In accordance

with the time hardening hypothesis, the creep strain rate at any time and

stress/temperature level is assumed not to depend upon the current value of

creep strain. If the stress/temperature is changed from o1 /Tl to a2 /T 2 at

time t 2 , the creep rate is determined at point (B) (Figure 36). Then the

creep rate is found from Equation 8.

O 2

T TT 2
//

Creep T T

Strain
/ A

T1  T2

Time

Figure 36. Creep Strain - Time Hardening Rule
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Furctlon (ecr, T, a, t) = 0 (3)

Using Equation 3 it can be shown (Reference 9) that the creep strain rate

is given by Equation 9.

ecr = [A0 A1 exp(-AIt) exp (-A2 /T) lA3 + BoB1 t 8 1"1 exp (-1 2/T)oB3) (9)

The creep strain at any point in time tI is given by Equation 10.

E E ec (tn) * (tn ) (10)¢cr Ccr n n tn-1)

Note that delayed creep recovery effects are not included in the model

because it is thought that the time scale of the delayed effects is long

compared to the time considered in the current problems.

7.3 CODE-MATERIAL DATA INPUT

The specific material property data which was input into MARC, ANSYS and

CREEPARHS consisted of the following:

1. Thermal stress versus temperature

2. Piecewise linear stress-strain curves (Figures 37 and 38)

3, Master creep strain curve (Equation 11)

A £cr ' BoB1 t(el - 1)exp (-B 2 /T)a 83 At (11)

where

B° - 1.975 x 10 -6

"B1 - 0.7056

0 1273 x 10 (ORankine)

83 - 2.836

An excellent summary of existing creep material property data can be found

In Reference 10.
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7.4 ANALYSIS VERSUS SIMULATION TESTS - CREEPARHS CODE
The strain versus time history as predicted by the CREEPARHS code based upon

the use of "zero" time + creep data is plotted against the results from the

simulation experiments in Figures 39, 41, 43 and 45. The temperature and

loading versus time are shown at the top of the figure.

A 0.25 second time step was used for the creep analysis in Figures 39, 41, 43

and 45. In addition, the predicted curves are broken down into thermal,

mechanical and creep components so as to illustrate their relative contri-

butions. Similarly, the strain versus time histories based upon 10 second

isochronous data is shown in Figures 40, 42, 44 and 46.

The simplest load temperature history leads to monotonically increasing strain

with time as is seen in Figure 39. The analysis predicts a response which is

in excellent agreement with the experiment until 21 seconds when tertiary

creep leads to ultimate specimen failure. A more refined creep model is

obviously needed for this analysis. Examination of Figure 40 where 10 second

isochronous data is used shows fair correlation through 15 seconds. This is

a result of the fact that thermal strain is dominant until 20 seconds when

creep failure occurs.

As the load-temperature history becomes more complicated, the demands on the

material models become more stringent. The results from such an experiment

are shown in Figure 41. Again, the correlation is encouraging. In this

case, the creep is insignificant and a failure due to essentially time

independent strain occurs. Figure 42 shows the predicted response when the

isochronous data are used. The analysis breaks down at 11 seconds because of

the inability of the stress-strain curves to model the plastic strain at the-J

given stress and temperature.

A more realistic simulation of an actual rapid heating problem would include

stress unloading due to material property thermal degradation. If one

assumes that the material unloads elastically, then any residual strain would

be due to permanent plasticity and creep. The results presented in Figure 43

)1 illustrate the importance of accounting for creep strain in a problem where
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unloading occurs. The roqults from analysis using the I1Jchronous data ore

shown In Figure 44. In this case, it Is clear that the isochronous dsIie Are

Inappropriate. The use of such dot& leeds to a prediction of failure It a

very early time whon In fact no failure occurs,

The most complicated load-tomperature history leads to the results shown i•n

figure 46, Obviously, In this eMample, the qualitative at well is quantitative

p behavior of the tenstile speciman it being accurately modeled by the CR9WPARNS

code. A comparison with the results shown In rFgure 46 shows good correlation

through 10 seconds, At this time, the iiochronuus based analysis again
predicts failure,

71. ANALYSIS - MARC, ANSYS, CR[CPARIIS COMPARISON

This section will Include a discussion of the models that were used in the

MARC and ANSYS analysis followed by a comparison of the results predicted by

MARC, ANFYS And CRHEPARIIS for two of the problems discussed in tection 7,4,

7~ ~S A1, pj ~ NY nplyei

Tha MARC analysis wAs performed on an IbM 370/169 computer and the ANSY$

analysis war performed on a CDC Cyber 74 (6600) computer, The very simple
structural model is shown in Figure 47. A plane stress, 4-nods itoparsepitriL

eloment (Nto, 3) web used In MARC an4 a similar ?-a lsuparamatrtr solid ellment

(No, 4? was used in AHSY. 7he elomqnts were essumel rimply supported at

node 1 and roller supported at node W, The lioanit wa% 1,04dod by 4 unifom

traction u and the Poistom ratio was set equal to 7 .rn,

I-.

yq

fl~ I I 1, 4 A14xsx,'MAAI it-.u( t-Urdl Modal

74
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Material properties modeled as time-independent stress-strain curves, a master

creep function and thermal coefficient of expansion versus temperature as

previously described were input directly into ANSYS. The MARC input required

the development of a user written subroutine for both the creep and the

temperature dependent stress-strain data. Care was taken to make sure that

the date input was equivalent in both codes.

A key element in the analysis was formulating a strategy for determining the

time/load/temperature steps required for accurate results. A 0.25 second

time step was selected for the CREEPARHS analysis and this was the minimum

time step used in the MARC and ANSYS analysis. The MARC and ANSYS analyses

were performed by marching through a series of mechanical and/or thermal

load steps, each followed by a creep step where the temperature and stress

corresponding to the previous step is held constant. A rough determination

of the number and timing of the steps was made based upon a review of the behavior

as seen in the experimental data. The steps were fine tuned after reviewing

the analysis results.

The AUTOCREEP option was used in MARC. This Is a routine which varies the

creep time increment based upon tolerances for calculated ratios of incremental

creep strain to total strain and incremental change in stress to total stress.

A similar procedure which is built into ANSYS was also used.

A comparison of the results as predicted by the three codes is shown in Figures

48 and 49. These two examples were chosen because all of the various load

and temperature effects that are demonstrated in the other tests are inherent

in these problems. It is seen, that the results are almost identical, The

small variations are due to different methods of inputing discrete load and

creep steps and slight differences in the input plasticity data. Any of the

three codes could be used to analyze these types of problems with equal

success. The actual code selection, however, should be decided based upon

problem complexity and cost con,;iderations.

Table 7 shows a comparison (f tre numliber f load steps, the total running

time and the cost per run for each of the Lhrre codes. The difference in the
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Figure 49. Analysis Comparison - MARC/ANSYS/CREEPARHS - TEST 83
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costs in ANSYS and MARC is mainly due to higher prescribed creep tolerances

In ANSYS and the need in MARC to repeatedly access the user written sub-

routines.

Table 7

Code Execution Comparison

S• CREEPARHSCode (CYBER) MARC (IBM) ANSYS (CYBER)

TEST 67

No. of Load Steps 100 9 10

No. Creep
Iterations Same 48 63

Computation Time T/S MRU 10 MRU = 8.8, SRU 54.3 MRU = 9.7, CP = 27.4

Cost $0.80 $44.30 $20.18

TEST 83 Same

No. of Load Steps 1 18 19
No. Creep

Iterations 87 48

Computation Time VRU - 12.2, SRU 94.9 MRU = 8.35 CP 21.5

Cost $69.6 $17.30

The cost of performing this simple analysis suggests that one would want to

use a simple code when possible. An efficient solution strategy should be

developed before a combined thermal-elastic-plastic-creep analysis of a com-

plex structure is undertaken.
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APPENDIX 1

SIMULATION EXPERIMENTS
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The following figures (50 - 61) show the results from the many simulation

test/CREEPARHS analysis that were performed. Included at the top of each

figure is a sketch of the stress and temperature histories.
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APPENDIX 2

CREEPARHS CODE
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4 The following consists of a definition of the input used in the CREEPARHS

code followed by a listing of the code. The code was run interactively on

a CYBER CDC computer. [Input temperatures are in ('F).]

Load Temperature
TEMIN

SSIGIN

TSI TSU TSF 0 TTI
Time Time

TTF Run Time

TINC = Time Step
TINT = Initial Temperature (OF)

THIN = Initial Thermal Strain

NS = Number of temperature dependent sets of material properties.

TEMP(I) = Ith temperature for material property input.

ALPH(1) = Ith CoefficiEnt of thermal expansion

Elmod(1) = Ith Elastic modulus

NPBT = Number of breakpoints for stress-strain curves

EPBK(1,J) = Jth strain breakpoint for Ith temperature.

STBKP(I,J) =jth stress breakpoint for Ith temperature

EYBK() Elastic modulus for Ith temp = Elmod (I)

FORM1 Ith creep coefficient ec = AlaA2tA4e-A3/T
1 1 l o A 1. ! 3 A A 3

I= 2 ? A2  I= 4 A4
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J T'. - r

LT M2 I 1I 0~1 1 ~*ti -j I *-

TM1H'-~. T
1 E: R.,;:T1
Rtr i -1 W1 :PTT -TIr1I

I E P l . l T I I. 3-2F1 ,2

P EA D5.-1 $ItrTE N TTiF,9T IHC, TS'ITSU),T'_,F T TI
WR1TE(1613) SIGIti-.T':.I ,T-UT&LI.TFPTEr1ilt.TT1 TTFg TINC- T'fllT.T:1:,T ,

2F0F'riT 2F 10. 5,,-Y10. 5.3F 10.5- F 10.5
3 FOPIrltT _'3X< 9Mi STPEý:.':&= - F 1 Ci. 3,9 's1'3X. 'rA:STFE 1S OCCUF --. T
1 T I I'E=- PF 10. 3"-/,3X -*STPE'j3: REDUCED AT T I 1E=*,fF 10. o'q ~3''. STF EL
2 ZEF'O AT T IiE=- 9 F 10. 3., V - *MH':-: TE¶F'=* -F 10.> 3, /: 9 .rA:ý TErIF
31 OCFURS AT TIM1E=*oF71.39 '),"32q*RUH TIr1E=--tFl0. :3- .;~iT1.E=
4 9FiiJ.2.'-,3"X.*PInTIAL TE!,1P=-iF10.2! ',3;4.*TItE F)FFSET=*,tF1O7:
5 ;>-l,*IflITIAL THEPrIFL STRAIt1=*vE15.5)
I'.. 4 I=1.NS
READ 595 TEMPI)FP>ALPWI~oELt1OD(I)
WRITE(6-7) I9TElr1(I ),ALF'H~I l)EL!1OD21>)

4 CONITI11N1E
PEAiD .5il7) (EPEK ( 1 JS ) 9 JS= 1 PT)
DO 44 fJz 1 9S

EYE:ý- (IJ')=STBKP< iJ,'2>/EE8K(192)a.
44 COJtJT I NIE.

DO 45j IF'=19NS
DO 45 !T=lgtiE.PT. -

EP6K:, I R s 1T) EPBE I. IT)

150 CONT I NLE
-. 5 FOP.11fiT(. F 15.5.2E 15. 5 "

1 6 FOPRIFT(SF8. 1 )
L 7 F OPM'AT(8F8. 5)
7 F ORMAT (3X i*CUFJ..'!E 1,3,/'t34, *TEMP=* F10. 3 9 'p3X, T HEI1FIL COE F F=
1 E15.3,',3X,*ELK4~TIC MrJD=*,E15.3)

DO 8 Kr1,4
PEAD-'5,0 FOP(K)

8 CONTINUE -

9 FOPMRT'(r15.5) . .

WPITE<6.14' (FCI('rl,qM=1,4)
14 ý FOr1iT X, *CEEP CCi'J3TANIT=*, E 19.59'/v3X' -STRESS COWZTfHTll

1 F1'J. 5-', 3Xv*TEt1P COtý:TAtNT=* *E15. 5, / ,3X9*TIME CONS_7TAHfT=*9
2 F10.5)

11 CALL STIll( TIM, TIflC GaIlti-Tr~lI.T INT, SIGH%,.'.T I Mfl',TI` ,T'E 'T"
CALL TSt(Y:,TtFL-~ýEýPEB PFOP- 11E-AL, EL- $GC~I.TrI.NE-_-tU.

I E- I E C+ 1



IL A s EMT Q.UALCLTI YC1CAB

1,C'7 FOiFr1;T 3;;. *EL.F3_.EL, T Ir1E=-., Fi. 1 .5, : *T ErWHF F 10. 5-

2~ S~S.*F~.%~,:: tEHSRIl~ l.5 *THEPrIAL ýýTFFI N=*9E15.,r cq /o *CF:EEF STPH I H=-!-E5I5

IF-'TIM .GE. TTF) GO TO 15
GO TO 11

15is-O tJI NUE

END
C UE.FoUT I NE TO CALCUILATE-TI lE, 'ýTF:E3S, gTEIIFEFFITUFE

*SUJE. PF'U T I IE S T I t ~I ', TIN9T I N C II N9TM IN -T I NT I PT I 'AV. T E,1 F, 1!rT

Co~~i~t $IINT~1INgSI -19TSUTSuTFTTI-TTF

SIGl=SGIN

SG II=12. 0
TIrl=TIrl+TIHC -iIF(Tc I .CT. TIM) SGIN=S:'IGIN-TIM/TSI
IF(TIM .GE. TSI ANDIf. TSU GT. TIM) SGIN=SIGIN
IF(TTM C.E. TSU PNUD. TSSF .GT. TIM) GO TO 20

* GO TO 211-~ &~

!0 SýGIN=SIGIN*(l.8-(TIM-TSU)/,TSF-rSU>1
ICT=1 *

!I IF(TTI GCT. TIM' Tf1IU=TINIT+TIr1*(TEr1IN-TiIHD)'TTI
IF(TIM .GE. TTI .AND, TTF .GE. Tim) TMIN=TEf1IN

TIMR1FI=6TIM *TIMA)/2.0

TEMGAV'-(TMIH.SIGA):2. 0 '*

C UE;ROIJTINE TO CALCULATE STRA IN

DIMENSION EYBk,(l),TEMP(1),ALPH(I),STBKP(1e91e),
I EPBK8(09 10)gDE(1G0 10),AL(1e),SIGSTR(10),FOR(1),EL(l)
COMMON SIGINqTEMl~t4:3IGl

.ANDC TGT. 0). U GO TO 2
DO~~T 22=1N

FIL'N)(FIPH(+I-ALH~t))/TEP(NI)-EM99)



5J=I1tE:FT

:L =:I G,-:. T
*j lGcTF-0i

!F -L .LE. ~Gl ~i4r -CI LE. GO -'ij~i iT INUIE

~,'- EFE-v ('E4nc .- M E FE~rj HE1E * PIG T +I .. :~- R

=E' EE4 NE + *EL tE IC TtiI I 7tENF.(t,, 4E
EF r1 EF : ET.ii - ELM -

E I
EL ''F i1

DEL 'P=:l

z-E. T; IEllilI

HoI
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